Synthesizing artificial polymers with precise sequence structures, such as their biological analogues, is a serious challenge and of great importance in polymer science. Recently, step-growth polymerization and chain growth polymerization have been the main synthesis methods for preparing artificial sequence-regulated polymers. However, it is difficult to obtain sequence-controlled polymers with sufficient molecular diversity via step-growth polymerization; on the other hand, chaingrowth polymerization generally requires laborious repetitive monomer feeding. In this focus review, the sequential multicomponent reactions for preparing periodic sequence-controlled polymers with sufficient molecular diversity and complexity and the interconvertible hybrid copolymerizations producing hybrid multiblock copolymers rapidly in one pot are highlighted.
Introduction
Benefiting from various-sequence information, DNA plays a key role in guiding the biosynthesis of a variety of proteins with precise and sophisticated three-dimensional structures to construct all manners of life forms. In light of this, scientists have also tried to synthesize artificial polymers with precise structures, being not only helpful for understanding and establishing accurate polymer structure-function relationships but also able to provide novel materials for novel and specialized uses. However, although substantial attention has been directed to this area in the past few decades, the control over the sequence structures of synthetic polymers is still very difficult [1] [2] [3] [4] [5] [6] .
Solid phase/template synthesis, step-growth polymerization, and chain growth polymerization are the main synthesis methods for preparing artificial sequence-regulated polymers. The solid phase synthesis method was found by Merifield, in which the amidation reaction can gradually grow an oligopeptide with precise structure units after several repeated iterations [7] . Then, other solid phase carriers were designed to obtain monodispersed sequencedefined oligomers from simplified separation and purification steps [8] [9] [10] [11] [12] [13] [14] [15] . However, solid phase synthesis generally suffers from time-consuming operations, and the products have low molecular weights.
Step-growth polymerization can be used to construct sequence-regulated polymers with periodic microstructures based on efficient coupling reactions. Traditional polycondensation between two different monomers containing reactive groups can only produce simple alternating polymers. Further efforts are aimed at integrating a more distinct component into a sequence-controlled polymer chain [16] [17] [18] [19] [20] . For example, Kamigaito and Satoh synthesized sequence-defined oligomers containing reactive chain ends, which supported metal-catalyzed radical addition reactions to prepare periodic polymers with three different components [19] . However, compared with biomacromolecules such as proteins, which contain 20 different units, component diversity in step-growth polymerization is still very limited. Sequence-controlled polymers prepared by chaingrowth polymerization generally have greater diversity of components and structures [21] [22] [23] [24] [25] [26] [27] . For example, Haddleton coworkers developed a sulfur-free reversible * Ze Zhang zze320@mail.ustc.edu.cn * Ye-Zi You yzyou@ustc.edu.cn addition-fragmentation chain transfer (RAFT) technique to produce sequence-regulated multiblock copolymers with molecular weights up to 55 kg·mol −1 , Đ ≤ 1.25 and a conversion of >99% [26] . Chain-growth polymerization has many advantages such as a precise design of the block sequence, fast polymerization rates, and high molecular weights. However, due to the rapid propagation and low selectivity of the active propagating species to different monomers, chain-growth polymerization generally requires laborious repetitive monomer feeding or condition changes to obtain precise block sequences. This focus review provides an overview of our studies on the synthesis of sequence-controlled polymers by the sequential multicomponent reaction/polymerization method and interconvertible hybrid copolymerization method. The sequential multicomponent reaction/polymerization method could avoid the insufficient sequence/structure diversity of step-growth processes and provide fast access to periodic sequence-controlled polymers with sufficient structure complexity and diversity. On the other hand, the interconvertible hybrid copolymerization could overcome the disadvantage of repetitive feeding when synthesizing sequence-controlled polymers via chain-growth processes and produce a series of multiblock sequence-controlled hybrid polymers with both vinyl and cyclic monomer units in the backbones.
Sequential multicomponent polymerizations
Step-growth polymerization enables the preparation of AB alternating copolymers using two monomers containing different reactive groups. However, direct step-growth copolymerization will result in disorder of the microstructure when three or more different monomers are used. To achieve a more complex sequence distribution, a general method is the polymerization of an oligomeric monomer with two reactive groups, which is presynthesized by a multistep combination of multiple units in a controlled sequence. However, this method takes time/steps and usually results in low yields. Multicomponent reactions combine three or more reactants in one pot to give a highly selective product [28] [29] [30] [31] [32] . Therefore, direct multicomponent polymerization as well as the combination of two or more different multicomponent reactions/polymerizations would be a rapid and efficient strategy to synthesize periodic polymers with more complex sequences/ microstructures.
Du Prez and colleagues have reported amine˗thiol˗ene conjugation based on homocysteine thiolactone, primary amines, and acrylates [33] . The primary amine can selectively ring open the thiolactone without eroding the acrylate. The in situ generated thiol group further reacted with an acrylate to give a composite molecule containing all three reactants. This amine˗thiol˗ene conjugation can be carried out at room temperature and was highly efficient, catalyst free, and resistant to various groups and solvents. We further extended the amine˗thiol˗ene three-component reaction for the preparation of a range of high-molecularweight sequence-controlled functional polymers [34] . Thiolactone, diamine, and dimethacrylate as starting monomers were used to obtain polymers with an ACBC sequence. The number-average molecular weight (M n ) reached up to 48,000 g mol −1 , and the polydispersity (PDI) was within the range of 1.2-2.9. Side chain functional groups, such as alkynyl groups and alkenyl groups, provided these polymers with the ability to undergo further modification.
Direct multicomponent polymerization is a convenient method for the synthesis of sequence-controlled polymers with more than alternating structures. However, limited to the intrinsic mechanism, the final polymers can only contain three or four different monomer units, which is far fewer than the sequence˗controlled polymers prepared by controlled chain-growth polymerization and solid phase synthesis. A sequential multicomponent reaction/polymerization method that allows two or more multicomponent reactions to be carried out in one pot can compensate for this disadvantage. The orthogonal reactive groups in the primary multicomponent reaction product introduced from one of the reactants cause the product of the primary multicomponent reaction to participate as a reactant in the second multicomponent reaction. Varying the successive multicomponent reaction and each reactant will allow a variety of scaffolds to become available, thus making this method excellent for use in the synthesis of sequence˗controlled polymers with sufficient molecular diversity. On the other hand, a one-pot cascade multicomponent reaction that adds different monomers sequentially by quantitative and highly selective reactions also results in comparative molecular diversity.
We have developed sequential multicomponent reaction systems to produce a range of sequence-controlled polymers with sufficient structural complexity and diversity [35] [36] [37] . We combined the amine-thiol-ene three-component conjugation of a thiolactone, a primary amine, and a methacrylate with a Cu-catalyzed three-component reaction of an alkyne, a sulfonyl azide, and an amine in a single pot. Propargyl methacrylate containing orthogonal electrondeficient alkene and terminal alkyne was used to incorporate these two multicomponent reactions ( Fig. 1a ) [35] . First, three starting reactants, thiolactone, diamine, and propargyl methacrylate, were mixed in DMF at room temperature; thus, an ABCBA segment with two alkynyl groups at both ends was produced by the amine-thiol-ene conjugation. Subsequently, p-toluenesulfonyl azide and 1,4-phenylenediamine were added to the reaction solution, and the ABCBA segment with two alkynyl groups was used as a bifunctional monomer to react with p-toluenesulfonyl azide and 1,4-phenylenediamine through a Cu-catalyzed threecomponent reaction at 70°C overnight. As a result, a periodic copolymer of the DABCBADE sequence was rapidly prepared. Generally, stoichiometric balance is very important for polycondensation to obtain high molecular weights. For a sequential multicomponent reaction system, one of the bifunctional monomers is generated in situ by the first multicomponent reaction. Thus, the efficiency of this multicomponent reaction greatly affects the molecular weight of the final polymer. Using the high efficiency of amine-thiolene conjugation in our sequential multicomponent polymerization system, the ABCBA fragment is produced in almost quantitative yields (>99%); thus, the final DABCBADE-sequenced polymers had high molecular weights of up to 163,200 g mol −1 (Ð = 1.4~2.0). The method inherits the advantages of direct multicomponent polymerization and simultaneously makes up for the deficiency of multicomponent reactions so that more diverse components can be combined into the polymer backbone and have ordered periodic microstructures. Based on the above results, N,N-dimethyldipropylenetriamine with both a primary amino group and a secondary amino group was used in place of the primary diamine in the sequential multicomponent polymerization system ( Fig. 1b) [36] . The primary amine group participated in the first amine-thiolene multicomponent reaction, whereas the secondary amine group did not participate; however, the latter can participate in the following Cu-catalyzed multicomponent polymerization of alkyne, sulfonyl azide, and secondary amine to give a sequence-controlled polymer having an ABCD structure. Moreover, by selecting different amine compounds, hyperbranched polymers and core-shell polymers have also been successfully produced.
We further extended the sequential multicomponent reaction system through the combination of the Passerini reaction as the first multicomponent reaction with the above amine-thiol-ene conjugation as the second multicomponent reaction (Fig. 2) [37] . Methacrylic acid, equimolar adipaldehyde, and isocyanoacetate were combined to produce bifunctional methacrylate (ABA sequence) with two electron-deficient alkenes via the Passerini reaction in CH 2 Cl 2 at room temperature. Then, N,N-bis(2-oxotetrahydrothiophen-3-yl) adipamide and N,N-dimethyl-1,3-propanediamine were added to the reaction solution to facilitate amine-thiol-ene three-component polymerization with the above product, affording a final ABAD-sequenced copolymer ( Fig. 2a ) with two types of side groups (C and E) at room temperature. The number-averaged molecular weight and Ð of the polymer were 13,700 g mol −1 and 3.1, respectively. Furthermore, when N-(allyloxy) carbonylhomocysteine thiolactone and 4,7,10-trioxa-1,13-tridecanediamine were used to perform amine-thiol-ene conjugation, ABADED-sequenced copolymer could be obtained (Fig. 2b) , and the number-averaged molecular weight and Ð were 49,800 g mol −1 and 2.03, respectively.
In addition to the sequential multicomponent reaction, we further proposed a cascade reactions method via the sequential addition of monomers in one pot through quantitative and highly selective reactions [38] [39] [40] . The first attempt was to focus on the usage of orthogonal and efficient reactions among methacrylate, thiolactone, thiol compound, bromomaleimide, and amine moieties ( Fig. 3 ) [38] . The quantitative Michael addition of thiol with methacrylate was performed when 2-aminoethanethiol (B) was added to a solution of ethylene dimethacrylate (A) to form a BAB sequenced product with primary amines at both ends in dioxane at room temperature. Then, N-acetylhomocysteine thiolactone (C) was added to the mixture, and amine opened the ring of thiolactone to give a CBABC sequenced product with thiol groups at both ends. A bromomaleimide (D) was further added to the above solution, and a rapid and highly efficient thiol-bromomaleimide substitution reaction was conducted, yielding a DCBABCD-sequenced intermediate product with a thiomaleimide at each end. Finally, a diamine was added, and the DCBABCD-sequenced intermediate in the solution underwent amine-thiomaleimide nucleophilic addition, yielding an EDCBABCD-sequenced copolymer with M n of 25,600 g mol −1 .
The spontaneous amino-yne click reaction, which was recently developed by Tang's group, is a powerful tool for the preparation of multifunctional polymers between amines and propiolates [41] . We introduced this efficient amino-yne click reaction with thiolactone chemistry to prepare two different sequence-controlled periodic polymers with four complex components via a one-pot cascade multicomponent reaction strategy [39] . First, as shown in Fig. 4a , by utilizing the selective reaction of thiolactone to the primary amine group and the selective Michael addition of methacrylate to the thiol group, an ABCBAsequenced intermediate product can be obtained. Then, the second amines on both sides of this ABCBA intermediate product reacted with dipropiolates to form a Fig. 2 Outline of the one-pot preparation of sequence-controlled polymers with different microstructures by combining Passerini reaction and amine-thiol-ene conjugation DABCBA-sequenced polymer by amino-yne click polymerization. The M n of this polymer was 59,800 with a Ð of 1.51. All the processes were operated at room temperature. In addition, propiolate can react with not only secondary amines but also primary amines. Therefore, according to their similar selective processes, a new sequence-controlled polymer was obtained (Fig. 4b) . The M n of the polymer was 20,100 with a Ð of 1.63.
Interconvertible hybrid copolymerizations
Chain-growth polymerization allows the preparation of multiblock copolymers with different segment sequences.
When using special monomer pairs [42, 43] or a single unit monomer insertion (SUMI) strategy [44, 45] , some precise monomer sequences could be achieved. However, chaingrowth polymerization generally requires laborious repetitive monomer feeding. Furthermore, vinyl monomers and cyclic monomers, which possess the most used compounds in polymer synthesis, are very difficult to combine in a single chain-growth polymerization to produce complex sequence-controlled polymers. Zhang et al. successfully achieved the hybrid copolymerization of vinyl and cyclic monomers via a single-ion polymerization mechanism, including t-BuP 4 -catalyzed anionic copolymerization of methyl methacrylate with ε-caprolactone, zwitterion-based copolymerization of N-phenylmaleimide with oxazolines or propylene oxide and cationic copolymerization of styrene or vinyl ether with cyclic ether [46] [47] [48] [49] [50] [51] [52] . However, these systems had very limited monomer pairs and needed special catalysts due to the large differences in the selectivity and reactivity of the active propagating species. Moreover, some parallel transformations and side reactions may occur during crossover chain propagation, leading to a broader molecular weight distribution. Our group recently developed novel interconvertible hybrid copolymerization systems to produce sequence-controlled multiblock polymers in one pot with both vinyl and cyclic monomer segments in the backbones without the need for repetitive monomer feedings [53, 54] .
Trithiocarbonate can serve as the chain transfer agent to mediate the RAFT radical polymerization, giving vinyl polymers with a trithiocarbonate group in the backbone; meanwhile, trithiocarbonate can also act as the initiator for the anionic ring-opening polymerization (AROP) of thiirane monomers [55] . In detail, thiiranes were activated by quaternary onium salt to produce a thiolate. The thiolates attack the carbonyl carbon of trithiocarbonate to form intermediates. After rearrangement and sequential reactions, a linear polythioether with a trithiocarbonate group in the middle of the chain was obtained. Therefore, bifuncational trithiocarbonate-containing molecules act as both chain transfer agents for the radical polymerization of vinyl monomers and initiators for the AROP of thiirane monomers such that radical polymerization and AROP could be conducted simultaneously but independently in one pot (Fig. 5 ). Most importantly, the propagating chains of radical polymerization and ring-opening polymerization can smoothly exchange with each other using trithiocarbonate to achieve crossover propagation, resulting in a hybrid multiblock copolymer.
This hybrid system contained trithiocarbonate (S-1dodecyl S′-(α,α-dimethylacetic acid) trithiocarbonate, DDMAT), vinyl monomer (N,N-dimethyl acrylamide, DMA), thiirane monomer (2-methylthiirane, MT), radical initiator (AIBN), and quaternary onium salt catalyst (tetraphenylphosphonium chloride, TPPCl) [53] . Polymerization started after all the components were put into one pot and heated (Fig. 6 ). Linear increases in ln([M] 0 /[M]) with time Fig. 5 Hybrid copolymerization via mechanism interconversion between radical polymerization and anion ring-opening polymerization. a The copolymerization of vinyl monomers and cyclic monomers and b the detailed mechanism for polymerization interconversion between a radical mechanism (RAFT) and ion ring-opening polymerization (ROP). Reproduced with permission [46] . Copyright 2019, The Royal Society of Chemistry for both monomers were observed, indicating that both the radical and ring-opening propagating species were approximately constant in this hybrid system. Thus, a variety of components and intermediates coexisting in the same reactor did not appear to interfere with each other. The molecular weight increased steadily with conversion, and the SEC curves were symmetric, suggesting a continuous incorporation of both DMA and MT monomers into the growing chain. During the process, the copolymerization interconverted between an AROP and RAFT mechanism. The interconversion times between RAFT and AROP increased with increasing reaction time. A single polymer chain underwent interconversion ∼4 times overall, and therefore, there were seven short blocks of PMT and PDMA in the resulting copolymer chain. Therefore, the hybrid system produced a multiblock copolymer with both DMA and MT segments.
This system enables moderate control over the monomer arrangement along the resulting copolymer chains by tuning the interconversion behavior. The average length of the blocks, which is a function of the relative rates of chain growth and interconversion, can be adjusted by the ratio of concentrations of initiator, catalyst and monomers. Moreover, this hybrid system has a broad monomer scope such that different vinyl monomers and different thiirane monomers can be used in this copolymerization to produce some functional hybrid multiblock copolymers. However, note that, although we can control the interconversion behavior as well as monomer arrangement to some extent, we were not able to precisely determine the number of blocks and block lengths.
Fortunately, this AROP of thiirane monomers has been found to possess a strong temperature dependence. As shown in Fig. 7 , when the temperature was 50°C, the ) for DMA and MT with polymerization time, c the variation of molecular weight and dispersity with comonomer conversion, d the DSC curves of homoPDMA, homoPMT and the resulting multiblock copolymers, and e 1 H NMR spectra for the resulting polymers at different polymerization times. Reproduced with permission [46] . Copyright 2019, The Royal Society of Chemistry polymerization proceeded smoothly. When the temperature rapidly dropped to 20°C, the polymerization was completely suspended. When the temperature rose again to 50°C , the polymerization started again. Therefore, we can start and stop the AROP by heating and cooling to make this AROP have an ON/OFF ability. On the other hand, Boyer and colleagues recently developed a photoelectron transfer reversible addition-fragmentation transfer (PET-RAFT) polymerization method that uses special photocatalysts to respond to different wavelengths to control the initiation and propagation processes and provide a temporal ON/OFF switch (Fig. 7) . Therefore, the developed interconvertible hybrid copolymerization system could be connected to external light and heat stimuli [54] . If the polymerization system is irradiated with light, the photocatalyst is activated to polymerize the vinyl monomer by PET-RAFT while the AROP of the thiirane monomer remains dormant. After the removal of the radiation and heating of the polymerization system, AROP is activated when PET-RAFT is OFF. Furthermore, thanks to the smart switch between the radical polymerization mechanism and the ring-opening polymerization mechanism using trithiocarbonate, we can fully control the interconvertible hybrid copolymerization system to obtain multiblock copolymers with many advanced sequences that we want to obtain (Fig. 8) .
Heating followed by irradiation on this dual convertible system was applied first. Upon heating without irradiation, AROP was activated, and thiirane monomer (2˗(phenoxymethyl) thiirane, POMT) began to participate in AROP to produce a PPOMT homopolymer with a trithiocarbonate group in the middle of the chain. Subsequently, the mixture was rapidly cooled to room temperature and exposed to a blue LED to initiate PET-RAFT polymerization of the vinyl monomer (DMA). Thus, after one heating and irradiation cycle, an ABA-type triblock copolymer containing two PPOMT segments and one PDMA segment was formed. Then, irradiation followed by heating of this dual convertible system was applied. Thus, after one irradiation and heating cycle, a BAB-type triblock copolymer containing two PDMA segments and one PPOMT segment was formed.
Based on the above results, multiblock copolymers could be prepared simply by subjecting the polymerization system to multiple rounds of heating and irradiation. As shown in Fig. 9 , the AROP of POMT was started by heating the polymerization system to produce PPOMT homopolymer with a trithiocarbonate unit in the middle of the PPOMT chain. After quickly cooling the system to room temperature and exposing it to the blue LED, the PET-RAFT polymerization of DMA was activated, forming a triblock copolymer containing two PPOMT blocks on either side of a DMA block. Then, multiple rounds of heating followed by irradiation were applied continuously to form heptablock, nonablock, and undecablock copolymers. After three heating and irradiation cycles, an undecablock copolymer with six PPOMT blocks and five PDMA blocks was formed. The single broad Tg at approximately 46°C in the DSC curve of this resulting undecablock copolymer suggested that no ordered structures or nanophase separation of nearly pure PPOMT or nearly pure PDMA segments were obtained, providing solid evidence for the formation of multiblock structures with short block lengths.
In this dually switchable and interconvertible hybrid polymerization system, the block numbers of the copolymer could be controlled by varying the number of cycles, and the chain length for each block could be easily regulated by the irradiation and heating times. Thus, by simply varying the irradiation and heating times, a symmetrically gradient block copolymer can be easily obtained. Moreover, the system is versatile, simple, and flexible. The program for heating and irradiation could be well designed on-demand, and hence, the resulting copolymers with an advanced sequence structure could be obtained. When the program of sequential heating, heating integrated with irradiation, and irradiation was used in the polymerization system, many multiblock copolymers with different sequences, which had multiple segments of PPOMT, PDMA, and mixed segments containing both POMT and DMA units, could also be easily prepared. As a matter of course, the location and length of the PPOMT blocks, PDMA blocks, and mixed blocks of both POMT and DMA units could be well tuned. It should be mentioned that AROP produces non-conjugated secondary alkyl structures near the S−(C=S) unit. Generally, nonconjugated secondary alkyl radicals are extremely unstable and are not generated efficiently during the RAFT process. However, large amounts of SEC and DSC data provided strong evidence for moderate control during the radical polymerization process using non-conjugated secondary alkyl structure-containing trithiocarbonate in our interconvertible hybrid copolymerization systems. Furthermore, an independent controlled experiment using trithiocarbonate-containing PMT to mediate thermal RAFT polymerization of DMA resulted in good control for both molecular weight and dispersity (Ð). We believe Fig. 9 Synthesis of multiblock copolymer by multiple cycles of heating followed by irradiation. a Outline of formation of undecablock copolymer with similar block lengths. b Monomer conversion versus polymerization time for synthesis of undecablock copolymer with a similar block. c SEC curves for the resulting polymers at different polymerization time. Reproduced with permission [47] . Copyright 2018, Nature publishing group that these unusual results might come from the influence of the S atom near the non-conjugated secondary alkyl structure; however, further research is needed.
Conclusions
This focus review summarized our recent studies on the synthesis of sequence-controlled polymers. We have developed sequential multicomponent reaction and interconvertible hybrid copolymerization methods. The sequential multicomponent reaction combines more than two different multicomponent reactions or several highly efficient click-like reactions in one pot to prepare periodic sequence˗controlled polymers with sufficient molecular diversity. The interconvertible hybrid copolymerization method uses trithiocarbonate compounds to combine radical polymerization of vinyl monomers and anionic ringopening polymerization of thiirane monomers, resulting in hybrid multiblock sequence-regulated polymers. This interconvertible hybrid copolymerization can be further controlled by external light and heat stimuli. Since the methods for producing synthetic sequence-controlled polymers are still primitive in comparison with extremely delicate biosynthetic processes, the knowledge gained from our work may provide some reference for the development of innovative strategies for more precise sequence-regulated architectures.
